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We consider the dynamics of intracavity electromagnetically induced transparency (EIT) in an
ensemble of strongly interacting Rydberg atoms. By combining the advantage of variable cavity
lifetimes with intracavity EIT and strongly interacting Rydberg dark-state polaritons, we show that
such intracavity EIT system could exhibit very strong photon blockade effect.
I. INTRODUCTION
Photon blockade [1, 2], a nonlinear phenomenon where
a single photon can block the presence of other pho-
tons, has attracted significant attention for its impor-
tant potential applications in quantum optics and quan-
tum information science. The photon blockade has been
theoretically and experimentally researched in a variety
of systems, such as cavity quantum electrodynamics [1–
9]. However, experimental realization of strong photon
blockade is still a challenging pursuit, because the obser-
vation of strong photon blockade requires large nonlinear-
ities with respect to the decay rate of the system. Recent
theoretical protocols for unconventional photon blockade
are proposed based on weak nonlinearities [10–15], but
these protocols are limited to the small occupancy in the
cavity [10, 11].
The effects of electromagnetically induced trans-
parency (EIT) play a pivotal role in quantum nonlinear
optics [16]. Optical nonlinearities typically arise from
higher-order light-atom interactions, such that the non-
linearities at the single-photon level is very small. To
overcome this limitation, several groups have been study-
ing nonlinear optics and realizing quantum-information
processing with EIT in cold Rydberg gases [17–31]. In
particular, the experiments with EIT in strongly inter-
acting Rydberg atoms has demonstrated for quantum
nonlinear absorption filter [32], single-photon switch [33],
and single-photon transistor [34, 35].
An EIT medium placed in a cavity, which is known
as intracavity EIT termed by Lukin et al. [36], can sub-
stantially affect the properties of the resonator system.
The intracavity EIT provides an effective way to signif-
icantly enhance the cavity lifetime [37] and narrow the
cavity linewidth [38–40]. Recently, it was shown that
intracavity EIT could be used for the optical control of
photon blockade and antiblockade effects with a single
three-level atom trapped in a cavity [41] and the realiza-
tion of quantum controlled-phase-flip gate between a fly-
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FIG. 1: (Color online) (a) Schematic setup for the strong pho-
ton blockade, by combining the advantage of variable cavity
lifetimes with intracavity EIT and strongly interacting Ry-
dberg dark-state polaritons. (b) The relevant atomic level
structure and transitions.
ing photon qubit and a stationary atomic qubit assisted
by Rydberg blockade interaction [42]. In this paper, we
consider the dynamics of intracavity EIT in an ensem-
ble of strongly interacting Rydberg atoms and show that
such intracavity EIT system could exhibit very strong
photon blockade effect. A photon from the probe field
is injected to the cavity to form the first Rydberg dark-
state polariton. However, injection of a second photon
will be blocked, because of strong nonlinear coupling of
two Rydberg dark-state polaritons. By combining the ad-
vantage of variable cavity lifetimes with intracavity EIT
and strongly interacting Rydberg dark-state polaritons,
the nonlinearity strength of the polaritons could be much
larger than the decay rates of the system, and thus very
strong photon blockade effect would be observed.
II. PHYSICAL MODEL
As illustrated in Fig.1(a), our model consists of an
ensemble of N cold Rydberg atoms inside an two-sided
optical cavity. The concrete atomic level structure and
relevant transitions are shown in Fig.1(b). The atomic
transition |g〉 ↔ |e〉 is resonantly coupled by the cavity
mode with coupling strength g, while the control field
with Rabi frequency Ω resonantly drives the transition
|e〉 ↔ |r2〉. Thus they form the three-level EIT con-
figuration, with the interaction Hamiltonian [42] H1 =
2√
NgC†ea+C
†
r2
CeΩ+H.c., where a is the annihilation op-
erator of the cavity mode, C†µ =
1√
N
∑N
j=1
|µ〉j 〈g| with
µ = e, r1, r2, and r3 (the notations C
†
r1
and C†r3 will
appear later) denote the collective atomic operators, and
we have assumed that almost all atoms are in the ground
state, |G〉 = ∏Nj=1 |gj〉, at all times. One can define the
following polariton operators b†0 = cos θa
†− sin θC†r2 [43],
b†1 = (sin θa
† + C†e + cos θC
†
r2
)/
√
2, b†2 = (sin θa
† − C†e +
cos θC†r2)/
√
2, which describe the quasiparticles formed
by combinations of photon and atom excitations, here
cos θ = Ω/
√
Ng2 +Ω2 and sin θ =
√
Ng/
√
Ng2 +Ω2.
Then the Hamiltonian H1 with a single photon inputted
can be diagonalised and represented by
H1 = E0b
†
0b0 + E1b
†
1b1 + E2b
†
2b2, (1)
where E0 = 0, E1 =
√
Ng2 +Ω2, and E2 =
−
√
Ng2 +Ω2 are the corresponding eigenvalues energy
of three polaritons. It is worth noting that all three po-
laritons b0, b1, and b2 have been observed in intracav-
ity EIT even with a hot ensemble [40]. In the experi-
ment [40], a three-peak cavity transmission spectrum, a
very narrow peak and two broad peaks, can be clearly
seen by scanning the external field over a large frequency
range. The dark-state polariton b0 (with the eigenvalue
energy E0 = 0) [43] corresponds to the narrow peak in
the middle of transmission spectrum, and the bright po-
laritons b1 and b2 correspond to two broad side peaks.
The intervals between resonant frequencies of central nar-
row peak and two broad side peaks are determined by
E1 = |E2| =
√
Ng2 +Ω2, the eigenvalues energy of the
bright polaritons.
The blockade interaction via Rydberg level “hopping”
is described by H2 = χij
∑
i>j
|r2〉i |r2〉j (〈r1| 〈r3| +
〈r3| 〈r1|) + H.c. [44], where χij ∼ ℘r2r1℘r2r3/r3ij , ℘r2r1
(℘r2r3) is the dipole matrix element for the correspond-
ing transition and rij is the distance between the two
atoms. The level states |r1〉 and |r3〉 are two sublevels of
different parity. In general this interaction does not af-
fect the singly excited Rydberg state |r2〉 but leads to
a splitting of the levels when two or more atoms are
excited to the state |r2〉. The manifold of doubly ex-
cited states of atomic ensemble trapped in a finite vol-
ume V has an energy gap of order χ¯ = ℘r2r1℘r2r3/V
[44]. Using the expression of Cr2 in the polariton bases:
Cr2 = cos θ(b1 + b2)/
√
2− sin θb0, the Hamiltonian H2 is
then given by
H2 = χ¯ sin
2 θC†r1C
†
r3
b0b0 +
χ¯ cos2 θ
2
C†r1C
†
r3
b1b1
+
χ¯ cos2 θ
2
C†r1C
†
r3
b2b2 − χ¯ sin θ cos θ√
2
C†r1C
†
r3
b1b0
− χ¯ sin θ cos θ√
2
C†r1C
†
r3
b2b0 +
χ¯ cos2 θ
2
C†r1C
†
r3
b2b1 +H.c..
(2)
Equation (2) describes the nonlinear processes of the
four-mode mixing [45].
Now we consider the external fields interact with cav-
ity mode through two input ports αin, βin, and two out-
put ports αout, βout with the interaction Hamiltonian
[45] H3 =
∑
Θ=α,β
[i
∫ +∞
−∞
dω
√
κ
2piΘ
†(ω)aei∆(ω)t +H.c.],
where ∆(ω) = ω − ωcav is the frequency detuning of the
external field from cavity mode, κ is the cavity decay rate,
and Θ(ω) with the standard relation [Θ(ω),Θ†(ω
′
)] =
δ(ω − ω′) denotes the one-dimensional free-space mode.
We express the Hamiltonian Hin−out in the polariton
bases: H3 =
∑
Θ=α,β
i
∫ +∞
−∞
dωΘ†(ω)[
√
K0
2pi b0e
i∆(ω)t +
√
K1
2pi b1e
i∆(ω)t+
√
K2
2pi b2e
i∆(ω)t]+H.c., withK0 = cos
2 θκ,
and K1 = K2 = sin
2 θκ. We assume that a weak
continuous-wave (cw) coherent field with the frequency
ω resonantly drives the cavity mode. Then the effective
non-Hermitian Hamiltonian for the external field is
H
′
3 =
∑
Λ=0,1,2
(ΩΛbΛe
i∆(ω)t +H.c.)− iKΛ
2
b†ΛbΛ, (3)
where ΩΛ =
√
2KΛβ with β being the field amplitude of
the weak coherent field in natural units [2].
Based on above analysis, the dynamics of our model
is govern by the full Hamiltonian H = H1 + H2 + H
′
3.
The quantum-state evolution of this system is decided
by Schro¨dinger’s equation (ℏ = 1) i∂tΨ(t) = HΨ(t). We
defineH = H0+Hint, withH0 = H1 andHint = H2+H
′
3.
After performing the unitary transformations Ψ
′
(t) =
eiH0tΨ(t) and H
′
int = e
iH0tHinte
−iH0t, we can obtain
i∂tΨ
′
(t) = H
′
intΨ
′
(t) with
H
′
int = [χ¯ sin
2 θC†r1C
†
r3
b0b0 +
χ¯ cos2 θ
2
C†r1C
†
r3
b1b1e
−i2E1t
+
χ¯ cos2 θ
2
C†r1C
†
r3
b2b2e
−i2E2t − χ¯ sin θ cos θ√
2
C†r1C
†
r3
⊗ b1b0e−iE1t − χ¯ sin θ cos θ√
2
C†r1C
†
r3
b2b0e
−iE2t
+
χ¯ cos2 θ
2
C†r1C
†
r3
b2b1e
−i(E1+E2)t +H.c.]
+
∑
Λ=0,1,2
{ΩΛbΛei[∆(ω)−EΛ]t +H.c.}
−
∑
Λ=0,1,2
iKΛ
2
b†ΛbΛ. (4)
When χ¯ = 0, Equation (4) reduces to
H
′′
int =
∑
Λ=0,1,2
{ΩΛbΛei[∆(ω)−EΛ]t +H.c.}
−
∑
Λ=0,1,2
iKΛ
2
b†ΛbΛ, (5)
which describes the interactions of the conventional intra-
cavity EIT [36, 38–40]. From Eq. (5), one can clearly see
the resonant condition for the polariton bΛ: ∆(ω) = EΛ,
as shown in the experiment [40].
3III. PHOTON BLOCKADE
When χ¯ 6= 0, Equation (4) describes the interactions
of intracavity EIT with Rydberg blockade interaction.
Assuming that the external field resonantly drive the
polariton b†0, i.e., ∆(ω) = E0 = 0, and the eigenval-
ues energy of the bright polaritons are large enough, i.e.,
E1 = |E2| ≫ χ¯ cos
2 θ
2 ,
χ¯ sin θ cos θ√
2
,ΩΛ, one can realize a
rotating-wave approximation and eliminate from Eq. (4)
the terms that oscillate with high frequencies [46], lead-
ing to
H
′′′
int = (λC
†
r1
C†r3b0b0+Ω0b0+H.c.)−
∑
Λ=0,1,2
iKΛ
2
b†ΛbΛ.
(6)
here λ = χ¯ sin2 θ. Since the polaritons b1, b2 are not ex-
cited in Eq. (6), we disregard the decay terms including
the polaritons b1, b2, and obtain an effective interaction
Hamiltonian
Heff = (λC
†
r1
C†r3b0b0 +Ω0b0 +H.c.)−
iK0
2
b†0b0. (7)
We note that the effective Hamiltonian here is similar
to that used in original scheme for photon blockade [2].
A photon from the probe field is injected to a cavity to
form the first Rydberg dark-state polariton. However,
injection of a second polariton will be blocked, since the
presence of the second polariton in the cavity will re-
quire an additional frequency shift λ, which can not be
provided by the incoming photons. Only after the first
polariton leaves the cavity can a second photon be in-
jected. The strong interactions between the polaritons
therefore cause the strong photon blockade effect.
IV. DISCUSSION AND NUMERICAL
SIMULATIONS
Before supporting the numerical calculations, we
briefly discuss the features of intracavity EIT with block-
aded Rydberg ensemble. The dominant decoherence
of intracavity EIT system associated with the leakage
through the mirrors is specified by the effective cavity
decay rate K0 = κ cos
2 θ, which is determined by not
only κ but also the added factor cos2 θ. With a de-
crease of cos θ by tuning the control field, the effective
cavity decay rate K0 decreases. A second dissipative
channel is the spontaneous emission of Rydberg states,
luckily the Rydberg states have long coherence time and
small decay rate γr ≈ 2pi kHz [31]. In order to have the
strong blockade effect, the nonlinear strength λ should
be much larger than the rate at which the decoherences
occur [2]. With a decrease of cos θ, the nonlinear strength
λ = χ¯ sin2 θ = χ¯(1− cos2 θ) increases, while the effective
cavity decay rate K0 decreases. Hence one could achieve
the strong-nonlinearity condition, i.e., λ ≫ K0, γr, by
decreasing cos θ.
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FIG. 2: (Color online) (a) The second-order correlation func-
tion g2(0) as a function of cos θ. (b) The number of dark-state
polariton n0 =
〈
b†0b0
〉
versus the normalized time t/κ, with
cos θ = 0.04. Other common parameters: κ = 1, γe = κ,
γr = 0.001κ, χ¯ = 2κ, g = 3κ, β = 1 and N = 600.
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FIG. 3: (Color online) The number of bright polariton n1(2) =〈
b†1(2)b1(2)
〉
versus the normalized time t/κ, for the cases
of (a) γe = κ and (b) γe = 0. Other common parameters:
κ = 1, cos θ = 0.04, γr = 0.001κ, χ¯ = 2κ, g = 3κ, β = 1 and
N = 600.
To see the dynamics process of intracavity EIT with
blockaded Rydberg ensemble, we perform numerical sim-
ulations with the Hamiltonian (including the atomic
spontaneous emissions)
Hnum = H − iγr
2
b†0b0 −
iγe
2
b†1b1 −
iγe
2
b†1b1, (8)
with γe being the decay rate of excited state |e〉. Our
investigation relies on calculations of photon correlations
based on the normalized intensity correlation function
g2(τ) [1] for the dark-state polariton b0. The incident
coherent classical field has g2in(τ) = 1, corresponding to
a Poisson distribution for photon number independent of
time delay τ . The ideal photon blockade would achieve
g2(0) = 0, in correspondence to the state of a single pho-
ton. More generally, g2(0) < 1 represents a nonclassical
effect with the variance in photon number reduced below
that of the incident field. In Fig. 2 (a), we plot numerical
simulations results of g2(0) as a function of cos θ. From
Fig. 2(a), we see that g2(0) decreases with a decrease of
cos θ. When cos θ = 0.04, g2(0) would be in the order
4of 10−4. Figure 2(b) shows the number of dark-state po-
lariton n0 =
〈
b†0b0
〉
versus the normalized time t/κ. We
clearly see that the number of cavity polaritons varies be-
tween 0 and 1, but never exceeds unity. These numerical
simulations results show that the system could behave
very strong photon blockade effect. Figure 3 (a) and (b)
show the number of bright polariton n1(2) =
〈
b†1(2)b1(2)
〉
for the cases of γe = κ and γe = 0. Under certain con-
dition, the number of bright polariton n1(2) could be in
the order of 10−4, thus the excitation of bright polaritons
can be neglected when the external field resonantly drive
the dark-state polariton b0.
We note that Souza et al. [41] have theoretically stud-
ied photon blockade and antiblockade effects with the
single-atom (N = 1) EIT in an optical cavity. In the
approach of Ref. [41], one of the bright polaritons is ex-
cited, while the excitation of the dark-state polariton can
be neglected. In contrast to this approach, we choose to
drive the dark-state polariton (the excitation of bright
polaritons can be neglected). Since the dark-state po-
lariton has no contribution from the excited state |e〉,
there is longer coherence time in our scheme than that
in Ref. [41]. To excite one of three polaritons indepen-
dently, large intervals between the resonant frequencies
of three polaritons are required. Obviously, with an en-
semble of N (N ≫ 1) atoms, our scheme could satisfy
this requirement more easily. We also note that Peyronel
et al. [32] have experimentally demonstrated a quan-
tum nonlinear absorption filter with EIT in a blockaded
Rydberg ensemble with g2(0) in the order of 10−2. In
contrast to this protocol, our proposed scheme combines
the advantage of variable cavity lifetimes with intracav-
ity EIT and the power of strong interactions among Ry-
dberg atoms, thereby achieving strong photon blockade
effect with smaller value of g2(0) in the order of 10−4.
Now we address the experiment feasibility of the pro-
posed scheme. An ensemble of 600 cold atoms is trapped
in an optical cavity [47]. For the high Rydberg states
n ≥ 100, the blockade interaction strength over the
atomic sample is χ¯/2pi ≈ 100 MHz [31]. For the relevant
cavity parameters, (κ, γe)/2pi ≈ (53, 3) MHz, and g/2pi ≈
200MHz [47]. With the choice cos θ = 0.04 and β = 7,
we have E1 = |E2| ≈ 2pi× 4898 MHz, χ¯ cos
2 θ
2 ≈ 2pi× 0.08
MHz, χ¯ sin θ cos θ√
2
≈ 2pi × 2.82 MHz, Ω0 =
√
2K0β ≈
2pi × 2.8 MHz, Ω1(2) =
√
2K1(2)β ≈ 2pi × 70 MHz, thus
the condition E1 = |E2| ≫ χ¯ cos
2 θ
2 ,
χ¯ sin θ cos θ√
2
,ΩΛ is well
satisfied. Then λ = χ¯ sin2 θ ≈ 2pi × 99.8 MHz is three
orders of magnitude larger than both the effective cavity
decay rate K0 = cos
2 θκ ≈ 2pi × 0.09 MHz and Rydberg
atomic decay rate γr. Choosing even smaller values of
cos θ would no longer make sense because then the decay
of Rydberg states dominates decoherence of intracavity
EIT system.
V. CONCLUSION
In summary, we have presented a scheme for strong
photon blockade with intracavity EIT in a cold ensem-
ble of strongly interacting Rydberg atoms, by combin-
ing the advantage of the variable cavity lifetimes with
intracavity EIT and strongly interacting Rydberg dark-
state polaritons. Our scheme for strong photon blockade
suggests intriguing prospects for quantum simulation of
the rich physics promised by strongly-correlated quan-
tum systems in cavity QED. For example, with an array
of coupled cavities, if each cavity consists of an atomic
ensemble to effectively generate strong photon blockade
interaction, the interplay of photon blockade interaction
and tunnelling coupling between neighboring cavities will
lead to interesting many-body physics [48].
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